Acute myeloid leukemia (AML) relapse after allogeneic hematopoietic cell transplant (allo-HCT) is challenging. Data on extramedullary relapse (EMR) after allo-HCT are limited. We analyzed 215 patients with AML who underwent allo-HCT in our institution between January 2005 and December 2015. We limited this retrospective review to patients who received a MA conditioning, were in complete remission (CR) at the time of transplant and who received a matched sibling transplant, all other patients were excluded to avoid heterogeneity. Seventy-seven (35.8%) patients experienced disease relapse, 45 had BMR, and 32 had EMR. The only variable that was statistically associated with EMR post allo-HCT was male sex (OR = 3.2 (1.2, 8.2), p-value = 0.01); there was a trend for association between transplant in >CR2 and EMR (OR = 0.38 (0.14, 1.06), p-value = 0.06). The median overall survival (OS) after relapse for all relapses was 10 months (95% CI 4.839-15.161). The median OS for BMR group was 8 months (95% CI 2.850-13.150) and 14 months for the EMR group (95% CI 5.776-22.224); however, this was not statistically significant, p-value = 0.4. Multivariate analysis revealed that gender, treatment modality, and time from allo-HCT to relapse (≥12 vs. <12 months) have significant association with the post-relapse death. Male gender was the only significant factor associated with EMR.
Introduction
Acute myeloid leukemia (AML) relapse after allogeneic hematopoietic cell transplantation (allo-HCT) remains a significant cause of mortality and morbidity. Bone marrow relapse (BMR) is the most frequent presentation. Extramedullary relapse (EMR), in isolation, or along with BMR has been reported in the literature; however, limited information to guide practitioner on how to manage EMR is available. The standard therapy for EMR typically includes a combination of cytotoxic chemotherapy along with radiation and, if feasible cellular therapies or a second transplantation. The mechanism of EMR after allo-HCT for AML remains poorly understood. Tissues with limited drug penetration (central nervous system (CNS) and gonads) are well known sites of EMR for both transplant and nontransplant patients. In the post-transplant setting, EMR probably depends on transplant related variables and disease related factors. The cytotoxic CD8 positive T cells are responsible for the graft-versus-leukemia effect after transplantation and some tissues may have reduced levels or reduced penetration by these cells, and act as a reservoir or niche that later on leads to florid relapse. It remains unclear why these tissues have reduced immunologic surveillance, although a number of mechanisms have been reported including clonal evolution with partial loss of HLA genes and preferential T-cell homing [1] [2] [3] [4] . Disease-related factors like inv(16), t(8;21), CD56 expression, and tetraploidy have been reported as well [5] [6] [7] . This manuscript aimed to estimate the frequency of EMR and BMR and to explore any differences between relapse in the bone marrow (BM) and extramedullary sites in terms of risk factors and clinical course.
Patients and methods
Between 1 January 2005 and 31 December 2015, 268 AML patients underwent allo-HCT at our institution. Two hundred and fifteen patients were included in this retrospective analysis after excluding patients not in CR at the time of transplant, patients who received less than fully myeloablative (MA) regimen, and patients who received any nonmatched sibling transplant (matched unrelated, mismatched, or alternate donor transplant). Of these 215 patients, 77 relapsed. Thirty-two of them experienced EMR, while 45 experienced BMR. All the patients received MA conditioning and matched sibling donor transplant.
EMR was defined as extramedullary involvement regardless of BM involvement; BMR was defined as relapse with no evidence of extramedullary involvement. EMR was diagnosed by physical exam findings or imaging (computed tomography, positron emission tomography or magnetic resonance imaging). When possible, histological confirmation was performed. CNS relapse was diagnosed when leukemic cells were identified in the cerebrospinal fluid. CR was defined as <5% blasts in the bone marrow (BM) with normal complete blood count. Time to post-relapse survival has been calculated from the date of relapse to date of last follow-up or death. Acute graft-versus-host disease (aGVHD) and chronic GVHD (cGVHD) were defined according to the standard criteria [8, 9] . GVHD prophylaxis included cyclosporine A with short-term methotrexate. This study was approved by our institution review board.
Statistical analysis
Patient characteristics were summarized using frequencies for categorical variables and medians with ranges for continuous variables. Further, categorical variables and continuous variables were compared using Chi-squared test and Wilcoxon rank-sum test, respectively. Probabilities of postrelapse survival have been calculated using Kaplan-Meier estimator with variance estimated using Greenwood's formula. Survival curves were compared using log-rank test. Multivariate analysis of post-relapse survival was applied using Cox proportional hazard model. Patients, disease, and transplant related variables were tested using step-wise backward procedure. These variables included age, sex, cytogenetics, disease status at allo-HCT, extramedullary disease at presentation, graft source, time from diagnosis to transplant (≤6 vs. >6 months), and time from allo-HCT to relapse (≤12 vs. >12 months). The site of relapse (EMR vs. BMR) will be considered as a main effect and will be included in the model in all steps of model building regardless of its significance. Results will be summarized as hazard ratio (HR) with 95% confidence level. Interactions between main effect and significant variables will be tested. All models will be tested for proportional hazard assumptions. If violated, time-dependent covariate will be constructed. Covariates with p-value <0.05 were considered significant in the final model. Association between site of relapse (EMR vs. BMR) and proposed risk factors will be evaluated using logistic regression. Variables with p-value <0.1 were retained into the final multivariate model using step-wise backward procedure. The effect of cGvHD on relapse was evaluated using the Cox regression model with cGvHD included in the model as a time-dependent covariate. the multivariate model will be construed with all significant factors using step-wise backward procedure.
Results

Patients' characteristics
A total of 268 patients with AML underwent allo-HCT in our institution from 2005 until 2015. Patients who received less than fully MA conditioning, cord blood or non-matched sibling allo-HCT, and patients not in CR at transplant were excluded from this analysis. Two hundred and fifteen patients were included in this retrospective review. Of these patients, 77 have relapsed (35.8%). Thirty-two (42% of all relapses) of them experienced EMR, while 45 (58% of all relapses) experienced BMR. Table 1 summarizes the patients characteristics of all the relapsed patients. The only statistically different characteristic between the BMR and the EMR group was the sex distribution with more females in the BMR group. Age, cytogenetics, graft source, conditioning (total body irradiation (TBI) vs. non-TBI), treatment modality, extramedullary disease at presentation, disease status at HCT, time from allo-HCT to relapse, and time from diagnosis to allo-HCT were similar between the BMR and the EMR group.
Post-relapse survival
The median OS after relapse for all relapses (BMR and EMR) was 10 months (95% CI 4.839-15.161). The median OS for the BMR group was 8 months (95% CI 2.850-13.150), and 14 months for the EMR group (95% CI 5.776-22.224); however this was not statistically significant, p-value = 0.4 (Fig. 1a, b) . Univariate analysis revealed that gender, treatment modality, and time from allo-HCT to relapse (≥12 vs. <12 months) have significant association with the post-relapse death. Extramedullary at presentation showed a trend of association with post-relapse death, HR = 2.1 (0.9, 4.4), p-value = 0.05 (Table 2) . These factors remained significant in multivariate analysis after forcing the relapse site variable into the final model. However, relapse site did not show significance, HR = 0.8 (0.42, 1.46), p-value = 0.4. Males were at lower risk of post-relapse death as compared to females, HR = 0.5 (0.3, 0.9), p-value = 0.04. Longer time interval from HCT to relapse was also associated with lower risk of post-relapse death, HR = 0.3 (0.16, 0.66), p-value = 0.002. Patients with EM disease at presentation were at higher risk of postrelapse death, HR = 2.4 (1.03, 5.7), p-value = 0.04. Patients who received palliative treatment were at higher risk of death compared to patients who received 2nd allo-HCT or DLI, HR = 3.3 (1.6, 6.4), p-value = 0.001 (Table 3) .
Factors associated with EMR
In univariate analysis, gender showed a significant association with relapse site. Males were more likely to develop EMR as compared to females, OR = 3.2 (1.2, 8.2), p-value = 0.01. However, other risk factors did not show any significant association. Gender was the only significant factor associated with EMR. There was no association between EMR and cGvHD, odd ratio = 1.4 (0.5, 3.7), p-value = 0.4. There was a trend to develop EMR for patients transplanted in >CR2; however, it did not reach statistical significance OR = 0.38 (0.14, 1.06), p-value = 0.06 (Table 4) .
cGvHD as a time-dependent covariate showed insignificant association with relapse. HR = 0.9 (0.9, 1), p-value = 0.1. 
Discussion
Often, EM relapses of leukemia patients post allo-HCT are studied together regardless of the primary disease and age group (AML, ALL, MDS, adult, pediatric, etc.) [10] [11] [12] [13] [14] [15] [16] [17] [18] ; however, the primary disease and the age have major impact on the physiology and outcomes of the relapse and this makes interpreting the results and drawing firm conclusions from these studies difficult. To minimize these confounders, we focused our review only on relapsed AML in adult patients. Our study suffers from the usual retrospectivereviews limitations; however, the fact it comes from a single institution with uniform treatment protocols and guidelines minimizes the heterogeneity in the treatment received and the patient's characteristics which help to compare other variables between groups and to draw important conclusions. Out of 268 patients transplanted for AML, 215 patients fulfilled the inclusion criteria and were retrospectively analyzed. Seventy-seven patients relapsed post allo-HCT (35.8%), thirty-two of them experienced EMR (42%), while 45 experienced BMR (58%). The incidence of EMR in the literature ranges from 0.65% up to 41% [12, 16, 17, [19] [20] [21] and this variability is due to multiple factors including underdiagnoses because imaging is not an integral part of AML follow-up post-transplant, reporting all leukemia EMR together (AML, ALL, CML, etc.), heterogeneity in the definition of EM disease and underreporting the type of relapse in the registries. Sites of EM relapse were soft tissues predominantly (25/32 = 78% of cases), followed by CNS (5/ 32 = 15.6% of cases) and visceral (2/32 = 6.25% of cases). Diverse sites have been reported in the literature and almost any site and any organ can be affected, but consistently soft tissues and CNS are the most frequently involved sites [10-12, 19, 22] . In this study, the time to relapse post allo-HCT was not different between the two groups (EMR vs. BMR), which does not correlate with previous reports, that have reported longer time to relapse in EMR cases [10-12, 14, 17-19, 23] . We analyzed cGVHD, cytogenetics, disease status at HCT, sex, graft source, conditioning (TBI vs. non-TBI), extramedullary disease at presentation, time from HCT to relapse, and time from diagnosis to transplant for association with relapse site. In univariate analysis, gender was the only statistically significant factor associated with relapse site. [19, 20] , and this is probably due to the younger population in our study and therefore the propensity to use more aggressive and curatively intended therapy, and because patients not in CR at the time of transplant were excluded from this analysis. Univariate analysis revealed that gender, treatment modality, and time from allo-HCT to relapse (≥12 vs. <12 months) have significant association with the post-relapse death. Extramedullary at presentation showed a trend of association with post-relapse death, HR = 2.1 (0.9, 4.4), p-value = 0.05. These factors remained significance in multivariate analysis; however, relapse site did not show significance, HR = 0.8 (0.42, 1.46), p-value = 0.4. In summary, in this homogeneous population we showed that EMR represent a large proportion of AML relapses post allo-HCT (42%), and we confirmed that soft tissues and CNS are the most frequently affected sites (as in previous reports). Our study showed that the time to relapse and the survival post-relapse are similar between EMR and BMR. Interestingly, this is the first study to report male gender as a risk factor for EMR, whether this is linked to the menopausal status or the hormonal differences between males and females vs. other disease and patient variables needs to be investigated in future trials.
Conclusion
The characteristics, risk factors, and outcomes of EMR post allo-HCT for AML are still not well defined, probably due to the retrospective nature of the reported studies addressing this issue and the loose inclusion criteria in these studies that allow heterogeneous groups to be lumped and studied together. Ideally we should establish adequate diagnostic algorithms to accurately define the incidence and prevalence of this entity. Also studying isolated EMR separately from combined BMR and EMR and from isolated BMR will be of value to better understand and appreciate the differences between each relapse type. Our study is one of the largest retrospective studies focusing on EMR restricted to AML patients, rather than studying EMR in general with inclusion of different leukemia subtypes. Our study design, in addition to the fact that it is a single institution study addressing a homogeneous population treated similarly, minimized the confounders that most of the other studies suffered from. The study population is rather a young population and probably not representative of all AML patients; results of this study should not be generalized to all AML patients.
